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Abstract The quinate pathway is induced by quinate in
the wild-type virulent Rhizoctonia solani isolate Rhs 1AP
but is constitutive in the hypovirulent, M2 dsRNA-
containing isolate Rhs 1A1. Constitutive expression of
the quinate pathway results in downregulation of the
shikimate pathway, which includes the pentafunctional
arom gene in Rhs 1A1. The arom gene has 5,323 bp
including five introns as opposed to a single intron
found in arom in ascomycetes. A 199-bp upstream se-
quence has a GC box, no TATAA box, but two
GTATTAGA repeats. The largest arom transcript is
5,108 nucleotides long, excluding the poly(A) tail. It
contains an open reading frame of 4,857 bases, coding
for a putative 1,618-residue pentafunctional AROM
protein. A Kozak sequence (GCGCCATGG) is present
between +127 and +135. The 5¢-end of the arom
mRNA includes two nucleotides (UA) that are not
found in the genomic sequence, and are probably added
post-transcriptionally. Size and sequence heterogeneity
were observed at both 5¢- and 3¢-end of the mRNA.
Northern blot and suppression subtractive hybridization

analyses showed that presence of a low amount of qui-
nate, inducer of the quinate pathway, resulted in in-
creased levels of arom mRNA, consistent with the
compensation effect observed in ascomycetes.

Introduction

Hypovirulence refers to a condition in which a fungal
plant pathogen has a less-than-normal disease-produc-
ing capacity. Studies have shown that hypovirulence is
caused by nuclear or cytoplasmic genetic factors (Ellis-
ton 1982). Fungal double-stranded RNAs (dsRNAs)
have been reported to be associated with hypovirulence
in fungi (for recent reviews, see Tavantzis 2001).

Rhizoctonia solani Kühn (teleomorph, Thanatephorus
cucumeris (Frank) Donk.), consisting of at least 13
anastomosis groups (AG) (Carling 1996) is a soil-borne
plant pathogen attacking numerous plant species (Sneh
et al. 1996). Experimental evidence has shown that the
M2 dsRNA is associated with hypovirulence (Jian et al.
1997), and is located mainly in the cytoplasm of R. solani
(Lakshman et al. 1998). All isolates harboring M2
(M2+) are hypovirulent. M2 can be transmitted from
M2+ to M2� (M2-lacking) cultures through hyphal
anastomosis, converting M2� strains from virulent to
hypovirulent (Jian et al. 1997).

Plants inoculated with the M2-containing hypoviru-
lent strain of R. solani, Rhs 1A1 (AG 3) exhibit a sig-
nificantly enhanced growth response (Bandy and
Tavantzis 1990). In vitro cultures of R. solani produce
phenylacetic acid (PAA), which is capable of causing the
same disease syndrome on potato as the pathogen itself
(Boosalis 1950; Sherwood and Lindberg 1962; Wyllie
1962; Frank and Francis 1976). PAA and its metabolites
from plant sources are plant growth regulators (auxin)
(Chamberlain and Wain 1971; Milborrow et al. 1975).
We have shown that the amount of PAA produced by
the hypovirulent isolate Rhs 1A1 was only 10% of that
produced by virulent AG 3 isolates (Tavantzis et al.
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1989; Tavantzis and Lakshman 1995). So, it appears
that the amount of PAA produced by virulent AG 3
isolates has phytotoxic (herbicide-like) effects on potato
as opposed to the growth-promoting (auxin-like) effects
of the low PAA produced by the hypovirulent isolate
Rhs 1A1.

M2 codes for polypeptide A (pA) (Liu et al. 2003a),
which is phylogenetically related to the suppressor
QUTR protein of the quinate pathway and the QUTR-
related pentafunctional AROM protein of the shikimate
pathway (Lakshman et al. 1998). PAA, a virulence
determinant in AG 3 R. solani, is a catabolic product of
the aromatic amino acid phenylalanine, whose precursor
is chorismic acid, the end-product of the shikimate
pathway (Fig. 1). The quinate pathway is responsible for
the catabolism of quinate to protocatechuate (PCA) in
many fungi and bacteria (Fig. 1). Quinate accounts for
up to 10% (w/w) of decaying plant matter and can be
used as an important carbon source by soil-borne mi-
crobes (Davis 1975).

In Aspergillus nidulans (Lamb et al. 1996) and Neu-
rospora crassa (Giles et al. 1991), QUTR (or its ortho-
log) binds the transcription activator QUTA (or its
ortholog) thus blocking the expression of the quinate
pathway. In both of these ascomycetes, environmental
quinate brings about induction of the quinate pathway
(Giles et al. 1967; Hawkins et al. 1982). Lamb et al.
(1992) have shown that dysfunctional QUTR causes a
constitutive expression of the quinate pathway genes,

thus drawing the shared substrates, DHQ and DHS
(Fig. 1), away from the shikimate pathway, and, in turn,
drastically reducing aromatic amino acid (and PAA)
synthesis. The M2-encoded pA lacks the domain of
QUTR that blocks the transcription activation domain
(TAD) of QUTA (Lakshman et al. 1998). So, we
hypothesized that binding of pA (a putative truncated
repressor) to the R. solani QUTA ortholog may allow
the TAD of QUTA to interact with the transcription
preinitiation complex and thus allow the constitutive
transcription of the quinate pathway (Lakshman et al.
1998).

We have recently reported data supporting the above
hypothesis: (1) polypeptide pA and its corresponding
mRNA are detectable in hypovirulent (M2+) R. solani
cultures but not in virulent cultures lacking M2 (M2�)
cultures; (2) the quinate pathway is constitutively ex-
pressed whereas the shikimate pathway (arom gene) is
downregulated in M2+ cultures and, (3) the relative
concentration of phenylalanine, a precursor of PAA, is
directly proportional to virulence in M2� but not in
M2+ cultures (Liu et al. 2003a). We have also shown
that in the virulent isolate Rhs 1AP, quinate brings
about a dramatic reduction of virulence and induces
synthesis of the M2-encoded polypeptide pA and its
respective mRNA. The quinic-acid-induced hypoviru-
lence in Rhs 1AP could not be overturned by chorismic
acid, which otherwise enhances the virulence of Rhs 1AP
dramatically (Liu et al. 2003b).

3-Deoxy-
D-arabino-

heptulosonic
acid

3-phosphate

Dehydroquinate Dehydroshikimate Shikimate Shikimate 5-enolpyruvlshikimate
3-phosphate                 3-phosphate                          

Phosphoenol- Erythrose
pyruvic acid           4-phosphate

3-Deoxy-D-
arabino-

heptulosonic acid
3-phosphate

synthase

Dehydroquinate Biosynthetic                        Shikimate Shikimate Enolpyruvylshikimate-
synthase dehydroquinase dehydrogenase kinase phosphate synthase

AromA

Tyrosine
Phenylalanine
Tryptophan
p-Aminobenzoic acid

Dehydroquinate Dehydroshikimate

Quinate Shikimate PCA                        Cleavage of
(protocatechuate)            aromatic ring

qutB qutC
Quinate Shikimate Dehydroshikimate

dehydrogenase dehydrogenase dehydrase

qutE

2                                    3                   4                           5              6

Catabolic
dehydroquinase

Chorismate

Chorismate
synthase

Fig. 1 The genes, enzymes, and metabolites comprising the quinate and shikimate pathways in Aspergillus nidulans (from Lamb et al.
1992)
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The purpose of this study was to characterize the
arom gene in R. solani. In yeast, filamentous fungi and
some protists, steps 2 to 6 of the shikimate pathway are
catalyzed by a pentafunctional enzyme, the AROM
protein (Fig. 1), which is encoded by a single gene, the
arom gene (Charles et al. 1986; Hawkins et al. 1993).
Unveiling of the expression patterns of this gene might
help us understand the molecular basis of virulence
regulation in R. solani. This is the first report on char-
acterization of the arom gene in a basidiomycete. The
deduced R. solani AROM polypeptide possesses all of
the highly conserved motifs and enzyme domains found
in AROM proteins from ascomycetes but has five in-
trons as opposed to the single intron present in its
homolog from ascomycetes. Data presented in this re-
port indicate that in wild-type R. solani, transcription of
the arom mRNA is increased upon induction of the
quinate pathway. Finally, we discuss these results in
relation to previous reports on relative expression levels
of the arom gene in ascomycetes, when the quinate
pathway is switched on in the absence of environmental
quinate.

Materials and methods

Fungal cultures and media

Vogel’s minimal salts solution (Davis and deSerres,
1970) containing 20 mM glucose is referred to as liquid
‘glucose minimal media.’ Similarly, Vogel’s minimal
salts solution containing either quinate (26 mM) or
glycerol (20 mM) as a sole carbon source is referred to
as liquid ‘quinate minimal media’ or liquid ‘glycerol
minimal media’ (Lamb et al. 1992). Quinate-induced or
control mycelial cultures of R. solani isolates Rhs 1AP
and Rhs 1A1 were prepared as described previously (Liu
et al. 2003a and 2003b).

Complementary DNA (cDNA) cloning of the arom
mRNA

Total RNA was extracted from the Rhs 1AP isolate of
R. solani using the method of Logemann et al. (1987).
The strategy for cDNA cloning is illustrated in Panel A
of Fig. 2. Degenerate primers (EPSP1 and EPSP2) were
derived from consensus sequences of three AROM
polypeptides (Saccharomyces cerecisiae, Aspergillus
nidulans, and Pneumocystis carinii). EPSP1 was derived
from the consensus sequence GNAGTA (residues 586–
591 of the A. nidulans AROM protein), and EPSP2 from
the consensus sequence KECNRI (residues 752–758 of
the A. nidulans AROM protein) of the EPSP domains
(Table 1). RT-PCR was carried out using total RNA
from R. solani and the above degenerate primers. A PCR
product of 850 bp was cloned and sequenced. Blast N
and Blast X searches in the GENBANK confirmed that
this was a partial arom clone. Using other upstream and

downstream conserved primers as well as end-specific
primers from the above clone, the rest of the arom
mRNA was cloned and sequenced. One pair of primers
included degenerate primer DHQ3 (Table 1) from the
consensus sequence GGGVIGD (residues 113–118 of
the A. nidulans AROM protein) of the DHS domain and
an end-specific primer EPSP3 (downstream, Table 1).
Another pair included an end-specific primer EPSP4
(upstream, Table 1) and an anchor primer 5¢-
AAGCTTTTTTTTTTTTTTA-3¢. A 5¢-RACE (rapid
amplication of cDNA ends) reaction was employed
using SuperScript II RT polymerase (Gibco BRL) for
reverse transcription in a two-step RT-PCR to clone the
5¢-end of arom cDNA.

Cloning of the arom genomic DNA sequence

PCR of genomic DNA from Rhs 1AP was carried out
using selected primers from the R. solani arom cDNA
sequence. Genomic DNA was partially digested with
endonuclease EcoRI since no such restriction sites were
detected in the R. solani arom cDNA sequence to mini-
mize shearing of DNA and improve the effciency of
PCR. Arom-specific PCR products were separated and
eluted from agarose gels using the QIA quick PCR
Purification Kit (QIAquick, Quagen Inc., Mississauga,
ON, Canada) and sequenced. The strategy for cloning
the arom genomic DNA is depicted in Panel B of Fig. 2.
All of the primers used in genomic DNA cloning are
listed in Table 1.

The sequence upstream from the transcription initi-
ation site of arom gene was cloned using the Single
Specific Primer-Polymerase Chain Reaction (SSP-PCR)
technique (Sambrook et al. 1989 Shyamala and Ferro-
Luzzi Ames, 1993). Genomic DNA of Rhs 1AP was
digested with the restriction endonuclease SacI (New
England Biolabs Inc., Beverly, MA, USA). Plasmid
pBluescript II SK(-) (Stratagene, La Jolla, CA, USA)
was also digested with both XhoI and SacI enzymes. The
double-digested plasmid and the SacI-digested genomic
DNA were ligated at the SacI site. PCR reactions were
carried out using a primer (PBSK2) (Table 1) from the
plasmid and a primer (AROMP1) (Table 1) near the 5¢-
end of the arom gene. Nested PCR was carried out with
the vector-specific nested primer (PBSK1) (Table 1) and
a gene-specific nested primer (AROMP2) (Table 1). The
nested PCR product was cloned in Topo XL cloning
vector (Invitrogen Corporation, Carlsbad, CA, USA)
and sequenced with a vector-specific primer. This pro-
cedure allowed determination of an additional sequence
of 199 bp located upstream of the R. solani arom gene.

Sequence and phylogenetics analyses

Genomic or cDNA sequences were determined by the
Sanger dideoxy method using cycle sequencing with an
ABI 3730 DNA Analyzer, and the ABI Prism DNA
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sequencing software version 5.0 as described previously
(Strauss et al. 2000).

The AROM protein sequences from 16 ascomycete
and 2 basidiomycete fungal species were obtained from
the GenBank database (see legend of Fig. 4) and were
compared with the AROM sequences of R. solani (te-
leomorph, Thanatephorus cucumeris) generated in our
study. The AROM sequence of Toxoplasma gondii
(Campbell et al. 2004) was included in the alignment for
outgroup comparisons. The protein sequences were
edited manually after an initial alignment using the
BLOSUM62 sequence alignment algorithm as installed
in the software BioEdit (Hall 1999). Phylogenetic anal-
ysis was performed using the software MEGA2 (Kumar
et al. 2001) with the JTT model of amino acid evolution,
which corrects for multiple amino acid substitutions. A

phylogenetic tree was produced by neighbor-joining
clustering procedure (Saitou and Nei 1987) and stability
of clades was assessed by 1000 bootstrap replicates.

Expression of the arom gene in quinate-induced
or uninduced M2+ and M2� isolates

Northern blot hybridization analysis

Total RNA was extracted from mycelial cultures of the
virulent M2� isolate Rhs 1AP and the hypovirulent
M2+ Rhs 1A1 isolate grown in the presence or absence
of quinate as described above. The amounts of total
RNA were calibrated by agarose gel electrophoresis,
followed by a northern blot hybridization analysis using

Panel A

5’ arom cDNA (5.04 kb) 3’

DHQ3 * EPSP3 EPSP4 Anchor primer

5’ RACE EPSP1* EPSP2 *

Panel B

5’ arom gene (5.51 kb) 3’

DHQ7 EPSP3 SDH8 SDH9

AROMP1 EPSP5 SDH5

DHQ9 DHQ10 SDH10 SDH1

Fig. 2 Schematic overview of the strategy used in cDNA cloning
(Panel A) and amplification from genomic DNA (Panel B) of the
arom gene of R. solani. Panel A: Degenerate primers (asterisk) were
selected from the consensus sequences of three AROM polypep-
tides (Saccharomyces cerecisiae, Aspergillus nidulans, and Pneumo-
cystis carinii). The initial PCR product was obtained by RT-PCR
using two degenerate primers, EPSP1 and EPSP2 (see text). This
sequence was extended to the 5¢-end by RT-PCR using degenerate
primer DHQ3 and the end-specific primer EPSP3 (selected from the
initial cDNA clone). 5¢-RACE reactions were carried out to clone

the 5¢-end of the arommRNA. The initial sequence was extended to
the 3¢-end by RT-PCR using the end-specific primer EPSP4
(selected from the initial cDNA clone) and an anchor primer.
Total RNA from the R. solani. isolate Rhs IAP was used as a
template in the RT-PCR reactions. Panel B: The overlapped lines
denote PCR reactions using the end-specific primers selected from
the R. solani cDNA clone. The upstream promoter region was
cloned by a specifically designed PCR reaction (see text for details).
Primer sequences used in the above PCR reactions are listed in
Table 1
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a b-tubulin cDNA, radioactively-labeled probe. Signal
intensities of the b-tubulin bands were measured with a
LKB Model Ultroscan XL Enhanced Laser Densitom-
eter (Pharmacia LKB Biotechnology, Upsala, Sweden)
using Gelscan XL software. The amounts of total RNA
were adjusted on the basis of the signal intensities of the
respective b-tubulin bands, and a second northern blot
hybridization analysis was conducted using an arom
cDNA radiolabeled probe. The intensities of the
arom-hybridizing bands were estimated using the
NIH Image software (http://rsb.info.nih.gov/nih-image/
Default.html). The b-tubulin gene sequence of R. solani
(AG 3) was provided by Dolores González (Laboratorio
de Sistemática Molecular Instituto de Ecologı́a, A. C.,
Mexico).

Suppression subtractive hybridization analysis

Suppression Subtractive Hybridization (SSH) (Diat-
chenko et al. 1996) was used to compare arom mRNA
populations in quinate-induced Rhs 1AP and untreated
Rhs 1AP, and thus determine whether the results of the
northern blot analysis could be confirmed. Total RNA
was extracted using TRIZOL (Invitrogen life technolo-
gies, Carlsbad, CA 92008, USA) as described by the
manufacturer, and poly(A) RNA was obtained using the
PolyATract mRNA Isolation System IV kit (Promega,
Madison, WI, USA). For SSH, we used the Clontech
PCR-Select cDNA Subtraction Kit (BD Biosciences
Clontech, Palo Alto, CA 94303, USA). Normalization
of cDNA was checked using the BD Advantage 2 PCR
enzyme kit (BD Biosciences Clontech) and primers
specific for the R. solani (AG 3) glyceraldehyde-3-
phosphate dehydrogenase (GP3DH) (GeneBank Acces-
sion No. AF339929) or the R. solani-(AG 3)-specific b-
tubulin gene sequence. The R. solani AG-3-specific

G3PDH 3¢ primer was RsG3PDH 4 (5¢-TTCTTGAGG
GCAGCTTTGAT-3¢) and the G3PDH 5¢ primer was
RsG3PDH 3 (5¢-ACTCAAAAGACGGTTGACGG-3¢).
The expected size of the G3PDH PCR product was
242 bp. Subtraction efficiency of a second housekeeping
gene, b-tubulin gene of R. solani (AG 3), was verified
using the tubulin3 (5¢-GCACCCTCAAGCTCTCCA-3¢)
and tubulin4 (5¢-AGTTGAGCTGACCAGGGAAA-3¢)
primers (based on the sequence provided by Dolores
González (Laboratorio de Sistemática Molecular Insti-
tuto de Ecologı́a, A. C., Mexico). The expected size of
the b-tubulin PCR product was 105 bp.

Prior to determining the level of transcription of the
arom gene mRNA in the relevant cultures, we conducted
standardization of the b-tubulin gene in quinate-induced
and uninduced Rhs 1AP. A dilution series of total
cDNA [obtained from poly(A) RNA samples] were
subject to PCR using the b-tubulin-specific primers
tubulin3 and tubulin4, and the amounts of the respective
PCR products were assessed at different numbers of
cycles. To compare arom mRNA levels in the respective
cultures, we selected dilutions of quinate-induced and
uninduced cDNA that gave the same PCR product band
intensities at different PCR cycle numbers using the b-
tubulin primers. The primers used for this comparison
were Arom1a (5¢-GAAAAAGCGAGCGACAGTG-3¢)
and Arom1b (5¢-CACCCAGCCAGAAGACTTG-3¢),
and the amounts of the expected PCR product were
assessed at different times (number of cycles) during
amplification. The expected size of the arom PCR
product was 152 bp.

Results

Sequence analysis of the arom gene from R. solani

The R. solani arom gene consists of 5,323 bp (GeneBank
accession number AF 482690.1). This total includes a 5¢-
end UTR (131 bp), the ORF (4,857 bp), total introns
(243 bp), and a 3¢ UTR (92 bp). A 199-bp upstream
partial promoter sequence is shown in Fig. 3 (Panel A).
The arom gene possesses five introns (530–580, 789–836,
1,623–1,670, 2,671–2,718, and 2,940–2,987 bases in ref-
erence to the start site of the largest transcript and in
GeneBank accession number AF 482690.1). The first
intron consists of 51 bp, the rest are 48 bp each. All of
the introns start with GT and end with AG.

Based on analyses of 10 RACE clones from the 5¢-end
and 12 cDNA clones from the 3¢-end, we observed
transcript heterogeneities at both ends. Variations at the
5¢-end of RACE clones existed both in terms of size
(data not shown) and sequence (Fig. 3, Panel A). A
description of the 5¢-end variability is given in the legend
of Fig. 3. Based on RACE analysis at least five size
variations and several base substitutions were observed
at the 5¢-end. The largest transcript is 15 nucleotides
longer than the smallest transcript at the 5¢-end. In
contrast, we could only detect two size variations and no

Table 1 Nucleotide sequences of primers used for PCR-mediated
amplification of the arom gene cDNA and genomic DNA of the R.
solani culture Rhs 1AP

Primer Nucleotide sequence (5¢ to 3¢)

EPSP1 GGNAAYGCNGGNACNGC
EPSP2 DATNCKRTTRCAYTCYTT
DHQ3 ACHGGNGGNGGNGTNATHGG
EPSP3 AGACAGTGGTGAGGAAGCGA
EPSP4 GTATTGCCAACCAACGTGTC
DHQ7 CGATTCCAACGACAGCGCAC
DHQ9 CAAGAGCATCTCCAACCGTG
DHQ10 TGAGACCGCCAGCACCAATG
EPSP5 TCGCTTCCTCACCACTGTCT
SDH1 GTACCAAACAGACTCGTGGA
SDH5 GCCACGATGCGATGATCTGA
SDH8 CTCAGATCATCGCATCGTGG
SDH9 GCGCCGAAACGCTGATCTTG
SDH10 TTGCGCCACACCTCGTCTCT
AROMP1 CGCGTGTCGGTAATAAGAAC
AROMP2 GATTAGTGAGGACTGTATCG
PBSK1 TGACCATGATTACGCCAAGC
PBSK2 CTTCCGGCTCGTATGTTGTG
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mutations in the 3¢-end clones (Fig. 3, Panel B).
Excluding the poly(A) tail, the largest mRNA was 49
nucleotides longer than the smallest transcript at the 3¢-
end (Fig. 3, Panel B). We have not determined the exact
length of poly-A tails from the two 3¢-end size variants.
The largest arom cDNA, assembled from PCR and 5¢
RACE experiments, has 5,108 nucleotides. It is com-
prised of a 133-nucleotide 5¢-end UTR, containing the 2-
nucleotide (UA) addition, a 4,857-nucleotide ORF, and
a 118-nucleotide 3¢-end UTR, excluding the poly(A) tail.
The first two nucleotides (UA) at the 5¢-end of the
mRNA were not represented in the corresponding
genomic sequence and they were presumed to have been
added post-transcriptionally.

The promoter region had a GC box (GGGCGG)
sequence (�45 to �40) and a Kozak sequence
GCGCCATGG (+127 to +135) (Kozak 1987), but
lacked a TATAA box sequence. Interestingly, two re-
peats, GTATTAGA, which were 15 bp apart, were
found just upstream of the transcription initiation site.

Phylogenetic analysis

Three blocks of the multiple sequence alignment of the
AROM proteins from 16 ascomycetes and 3 basidio-
mycetes are shown in Fig. 4. The R. solani (designated as
T. cuc) AROM protein contains the highly conserved

Fig. 3 Genomic nucleotide and amino acid sequences at the
5¢-terminus (Panel A) or the 3¢-terminus (Panel B) of the R. solani
arom gene. Panel A: Nucleotides are numbered relative to the start
of the sequence of the longest transcript, denoted by an asterisk at
the top of the nucleotide. The starting nucleotide of the shortest
transcript detected has been denoted with a filled diamond sign at
the top of the nucleotide. Some other transcript start sites derived
from 5¢-RACE clones are denoted by $, #, and % signs. The GC
box sequences and the octanucleotide (GTATTAGA) repeats at a
15-nucleotide interval are shown in bold letters. Kozak consensus
sequence (GCGCCATGG) (Kozak 1987) is underlined. A gap was
introduced in the genomic sequence following nucleotide number
+35 to allow positioning of an adenine nucleotide insertion in one
of the 5¢-RACE clones. The 199-nucleotide upstream sequence

(numbered in negative) is not present in the GenBank accession AF
482690.1. Two nucleotides (AT) present at the extreme 5¢-end of
the largest RACE sequence are not present in the genomic sequence
at the point denoted by a D sign. Nucleotides in lower case letters
denote base substitutions observed in individual RACE clones.
Amino acid sequences start with methionine (M), and are shown in
upper case letters beneath the nucleotide sequence. Panel B: The
stop codon is indicated in bold letters. The small transcript of the
arom gene starts polyadenylation at the site denoted by the filled
heart symbol. The end of the genomic sequence reported in
GenBank accession AF 482690.1 has been marked by the open
diamond symbol. Nucleotides are numbered as in the GenBank
accession AF 482690.1 in both panels
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motifs and the five domains of the respective enzymes
found in characterized AROM polypeptides [A. nidu-
lans, N. crassa, S. serevisiae (Duncan et al. 1987)] or
deduced AROM polypeptides from other ascomycetes

and basidiomycetes (Fig. 4). The R. solani AROM
protein showed a significant amino acid sequence simi-
larity with the other fungal AROM proteins. The se-
quence identity between the R. solani AROM protein

Fig. 4 Comparison of the amino acid sequence of the AROM
polypeptide from R. solani (T. cucumeris) with those of the 2 other
basidiomycetes and 16 ascomycetes. Three representative regions
(amino- and carboxyl-terminals and a middle portion) are shown
here. Gray boxes indicate identical residues, and black boxes
indicate similar residues. The numbering in this figure is based on
the alignment scheme of the software and does not correspond to
amino acid number of any of the AROM proteins. The
dinucleotide binding motif GXGXXG (118–123 aa) of Thanate-
phorus cucumeris (R. solani) AROM DHS domain is indicated by
+ signs. The purine nucleotide binding motif G/AXXXXGKT/S
(901–908 aa) of SK domain, the LGNAGTA motif (497–503 aa) of
EPSP domain, and the DHR signature motif (832–834 aa) of EPSP
are located in highly conserved regions of the AROM protein (not
shown here). AROM amino acid sequences were obtained from the
following sources: T. cuc (T. cucumeris; GenBank Accession No.
AF482690; Liu et al. 2003a), C. neo (Cryptococcus neoformans;
GenPept Accession No. AAW41820.1), U. may (Ustilago maydis;
GenPept Accession No. EAK84510.1) S. cer (Saccharomyces
cerevisiae; GenBank Accession No. NP010412.1; Duncan et al.
1987), C. gla (Candida glabrata; GenBank Accession No.

XM449840; Dujon et al. 2004), K. lac (Kluveromyces lactis;
Accession No. XM455965; Dujon et al. 2004), A. gos (Ashbya
gossypii; GenPept Accession No. AAS54555.1), D. han (Debary-
omyces hansenii; GenBank Accession No. XM459982; Dujon et al.
2004), C. alb (Candida albicans; GenPept Accession No.
EAL04039.1), P. pas (Pichia pastoris; GenPept Accession No.
AAW33954.1), Y. lip (Yarrowia lipolytica; RefSeq Accession No.
XM_505337; Dujon et al. 2004), N. cra (Neurospora crassa;
GenPept Accession No. CAD21207.1; Coggins et al. 1987a and
b), M. gri (Magnaporthe grisea; GenPept Accession No.
EAA49470.1), G. zea (Gibberella zeae; GenPept Accession No.
EAA73613.1), S. scl (Sclerotinia sclerotiorum; GenBank Accession
No. AY746008; Yu et al. 2004), E. nid (Emericella nidulans Swiss-
Prot Accession No. P07547; Charles et al. 1985), A. fum
(Aspergillus fumigatus; GenPept Accession No. CAD29607; Pain
et al. 2004), S. pom (Schizosaccharomyces pombe; GenBank
Accession No. NP594681; Wood et al. 2002), P. car (Pneumocystis
carinii; Swiss-Prot Accession No. Q12659; Banerji et al. 1993),
T.gon (Toxoplasma gondii; GenPept Accession No. AAQ83833.1;
Campbell et al. 2004)
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and those of the other two basidiomycetes ranged be-
tween 59.9% and 62.7%. The identity range between the
R. solani AROM protein was 52–54.5% with AROM
proteins from filamentous ascomycetes, and 48–54%
with those from yeasts and archiascomycetes. In con-
trast, the AROM protein from the protist Toxoplasma
gondii had a low degree of identity (26.4–29.9%) with
the fungal AROM proteins.

The phylogenetic tree of Fig. 5 shows the relation-
ships between the AROM proteins from 16 ascomycetes
and 3 basidiomycetes including R. solani (teleomorph T.
cucumeris). A neighbor-joining tree drawn using a
bootstrap resampling procedure demonstrated a clear
distinction between AROM proteins of ascomycetes and
basidiomycetes (Fig. 5). Sixteen ascomycetes were sep-
arated into three well-resolved groups: Eight genera
were members of Saccharomycetales (Group A, with
99% bootstrap support); six genera of filamentous as-
comycetes were grouped together (Group B with a 100%
bootstrap support) and; two genera from Archiasco-
mycetes were resolved in Group C. Three basidiomyce-
tes formed a monophyletic group with a 100% bootstrap
support that was well-resolved from the ascomycetous
groups. The AROM of Toxoplasma gondii (Protista) was
used as the root taxon.

Transcription levels of the arom mRNA

Northern blot hybridization analysis was conducted
with quinate-induced (6 h) or uninduced total RNA
extracts from hypovirulent Rhs 1A1 and virulent Rhs
1AP. A long (18 h) quinate induction was included for
Rhs 1A1, in which the quinate pathway is constitutive

(Liu et al. 2003a). The data showed that in both isolates,
the amount of arom mRNA was greater in quinate-in-
duced extracts than in their uninduced counterparts
(Fig. 6b). Moreover, long quinate induction in Rhs 1A1
resulted in an increased level of arom mRNA as com-
pared to that of short induction.

For suppression subtractive hybridization analysis,
cDNA from quinate-induced Rhs 1AP was subtracted
with excess cDNA from untreated Rhs 1AP, and was
checked for normalization of two constitutive genes,
G3PDH (Fig. 7, left panel), and b-tubulin (Fig. 7, right
panel). In the case of the G3PDH gene, the respective
PCR product became slightly visible after 31 cycles of
amplification of subtracted cDNA, whereas an abun-
dant amount of PCR product was generated after 19
cycles of amplification of unsubtracted cDNA. Simi-
larly, the b-tubulin gene PCR product became visible
following 33 cycles of amplification of subtracted
cDNA, but after only 18 cycles of amplification of un-
subtracted cDNA. So, results regarding these constitu-
tive genes indicated that subtraction was efficient and as
expected, that is, in the subtracted sample, the PCR
product should be observed about 5–15 cycles later than
in the unsubtracted.

We then carried out PCR amplification of b-tubulin
using a series of dilutions of quinate-induced and unin-
duced Rhs 1AP cDNA. The respective dilutions (of the
two cDNA preparations) that resulted in almost iden-
tical amounts of the expected PCR product were further
compared at various PCR cycles. The DNA band
intensities of the b-tubulin PCR product in the two
cDNA samples were the same for all the step cycles
tested (Fig. 7b). Subsequently, an arom-specific PCR
was carried out with the two standardized cDNA dilu-
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tions. As can be seen in Fig. 7c, the arom-specific PCR
product became detectable at an earlier amplification
cycle in quinate-induced cDNA than the uninduced
cDNA. Moreover, the PCR product band intensities
generated from quinate-induced cDNA were greater
than those from uninduced cDNA at the corresponding
step cycles.

Discussion

This is the first report documenting the characterization
of an arom gene from a basidiomycete, R. solani. The
R. solani arom gene contains five introns that are located
in the 5¢-end proximal one-half of the gene as compared
to the absence of introns in the S. cerevisiae arom gene
(Duncan et al. 1987). In contrast, the A. nidulans arom
gene had been reported to be a 4,812 bp open reading
frame (Charles et al. 1986). A more recent work showed
that a 53 bp intron is present in the extreme C-terminus
of the shikimate dehydrogenase domain (Lamb et al.
1996). Similarly, one intron has been identified in the
middle of the dehydroquinate synthase domain of the P.
carinii arom gene (Banerji et al. 1993).

Several reports show that a single gene can yield
mRNA transcripts varying at both 5¢- and in 3¢-ends.
Possible mechanisms for such heterogeneity may involve
more than one promoter, alternative splicing leading to
inclusion or deletion of exons and introns or the pres-
ence of multiple polyadenylation and/or transcription

initiation or termination signals (Hickok et al. 1986;
Pauws et al. 2001; Jianqiang et al. 2003). Although the
exact locations and identities of promoter elements have
not been determined experimentally in this study, a re-
peat of GTATTAGA upstream of the Kozak sequence
(GCGCCATGG) at a 15-nucleotide interval, in con-
junction with the fact that the largest mRNA was 15
nucleotides longer than the smallest one at the 5¢-end
(Fig. 3, Panel A), may suggest involvement of a
bifunctional promoter in R. solani arom gene transcrip-
tion. Moreover, in the absence of a canonical poly-
adenylation signal (AAUAAA) from the 3¢-ends of the
two mRNA species, it is difficult to explain size hetero-
geneity at the 3¢-end. The thymidine-rich sequences at
the 3¢-end UTR may be involved in transcript process-
ing. Analyses of the 3¢-end formation of Saccharomyces
cereviseae transcripts revealed no highly conserved se-
quence motifs equivalent to AAUAAA (Guo and
Sherman 1996).

A search of the predicted AROM protein of R. solani
in the NCBI Conserved Domain database (v2.02)
(Marchler-Bauer and Bryant 2004) and in the pfam
database (Sanger Institute, UK) revealed identity with
all five domains (DHQ synthase, EPSP synthase, shiki-
mate kinase, dehydroquinase I, and shikimate dehy-
drogenase), arranged in the same order as established in
fungi (Duncan et al. 1987; Banerji et al. 1993). A dinu-
cleotide binding motif (GXGXXG) (Rossman et al.
1974) and a purine nucleotide-binding type A motif (G/
AXXXXGKT/S) (Walker et al. 1982) were found in the

Fig. 6 Comparison of the relative amounts of the arom gene
transcript in the M2� virulent Rhs 1AP and the M2+ hypovirulent
Rhs 1A1 by Northern blot hybridization analysis. a Total RNA
samples from quinate-induced Rhs 1A1 (5 h post-induction) (lane
1), quinate-induced Rhs 1A1 (18 h post-induction) (lane 2),
untreated Rhs 1A1 (lane 3), untreated Rhs 1AP (lane 4) and
quinate-induced Rhs 1AP (18 h post-induction) (lane 5) were
hybridized with a radiolabeled b-tubulin-specific probe. b The
amounts of total RNA from the samples shown in (a) were adjusted
on the basis of the b-tubulin-hybridizing band intensities (see text),
and the adjusted amounts were loaded on a second gel in the same
order as above. An arom cDNA-specific, 32P-labeled probe,

generated using primers EPSP1 and EPSP2 (Table 1), was used
to determine the relative amounts of arom mRNA occurring in
quinate-induced Rhs 1A1 (5 h post-induction; 11,642 pixels) (lane
1), quinate-induced Rhs 1A1 (18 h post-induction; 15,869 pixels)
(lane 2), untreated Rhs 1A1 (10,630 pixels) (lane 3), untreated Rhs
1AP (9,162 pixels) (lane 4) and quinate-induced Rhs 1AP (18 h
post-induction; 24,186 pixels) (lane 5) The intensities of the arom-
hybridizing bands (expressed in pixels) were measured using the
NIH Image software. Numbers on the left of each panel show the
sizes (in Kb); bars indicate the positions of DNA size standards.
Numbers on the right show the sizes; arrows indicate the positions of
the b-tubulin (a) and arom (b) transcripts
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DHS and SK domains, respectively. A universally con-
served glycine in the motif LGNAGTA of the EPSP
domain was also found. This glycine is thought to be
involved in the interaction with the substrate phospho-
enolpyruvate (Padgette et al. 1991). We have also de-
tected another EPSP synthase signature motif (DHR) of
which the histidine residue was demonstrated to be at or
near the active site of EPSP synthase (Huynh 1987).

We have reported that the relative substrate abun-
dance of the in vitro SK assay (as compared to substrate
concentrations occuring in vivo) might have prevented
observation of the starvation effect, that is, detection of
significant increases in AROM activity in cultures in-
duced by 5.2 mM of quinate but growing in the absence
of quinate as a carbon source (Liu et al. 2003a). In this
study, results from two different experimental ap-
proaches, northern blot hybridization analysis (Fig. 6b)
and suppression subtractive hybridization (Fig. 7c),
showed that transcription of the arom gene did increase
upon quinate induction in the virulent M2

� isolates Rhs

1AP and the hypovirulent M2
+ Rhs 1A1. Assuming that

increased arom transcription leads to elevated AROM
activity, the data of this study suggests that the com-
pensation or starvation phenomenon (as it applies to the
arom gene) occurs in the basidiomycete R. solani as has
been reported in the ascomycete A. nidulans Lamb et al.
(1992).

The grouping of fungal taxa shown in Fig. 5 is based
on the sequence of the full-length AROM protein. There
was a clear separation between basidiomycetes and as-
comycetes, and this is in agreement with widely accepted
fungal systematics schemes (Alexopoulos et al. 1996) as
well as the phylogeny of yeasts based on entire genome
sequences (Dujon et al. 2004). In contrast, Campbell
et al. (2004) attempted to resolve the phylogenetic rela-
tionships of eukaryotes including fungi using amino acid
sequences of individual enzyme domains of the AROM
protein and failed to differentiate between ascomycetes
and basidiomycetes. They assumed that individual genes
corresponding to these domains in fungi evolved inde-

Fig. 7 Assessment of relative amounts of arom mRNA in quinate-
induced Rhs 1AP and uninduced Rhs 1AP. a Normalization of
abundance of cDNA corresponding to glyceraldehyde-3-phosphate
dehydrogenase (G3PDH) (L) and b-tubulin (R), respectively, in
quinate-induced Rhs 1AP cDNA (tester) subtracted by cDNA
from uninduced Rhs 1AP (driver). Left panel: lanes 1 & 10: DNA
size standards, 1 Kb Plus DNA ladder; lanes 2, 3, 4 & 5: G3PDH-
specific PCR product of subtracted quinate-induced Rhs 1AP
cDNA (tester); lanes 6, 7, 8 & 9: PCR of uninduced and
unsubtracted Rhs 1AP cDNA (driver); lanes 2 & 6: 19 cycles;
lanes 3 & 7: 25 cycles; lanes 4 & 8: 31 cycles; lanes 5 & 9: 37 cycles.
Right panel: lane 1: DNA size standards, 1 Kb Plus DNA ladder;
lanes 2, 3, 4 & 5: b-tubulin-specific PCR product of quinate-
induced Rhs 1AP subtracted cDNA (tester); lanes 6, 7, 8 & 9: PCR
of uninduced and unsubtracted Rhs 1AP cDNA; lanes 2 & 6: 18
cycles; lanes 3 & 7: 23 cycles; lanes & 8: 28 cycles; lanes 5 & 9: 33
cycles. b Calibration of relative concentrations demonstrating
equivalence of b-tubulin-specific PCR products obtained from
cDNA samples of quinate-induced Rhs 1AP (lanes 2–10) and

uninduced Rhs 1AP (lanes 11–19) at different numbers of PCR
cycles; lanes 2 & 11: 18 cycles; lanes 3 & 12: 19 cycles; lanes 4 & 13:
20 cycles; lanes 5 & 14: 21 cycles; lanes 6 & 15: 22 cycles; lanes 7 &
16: 23 cycles; lanes 8 & 17: 24 cycles; lanes 9 & 18: 25 cycles; lanes 10
& 19: 26 cycles. DNA size standards (1 Kb Plus DNA ladder) were
loaded on lane 1 of the 1.5% agarose gel. c Comparison of relative
amounts of arom gene-specific mRNA in quinate-induced Rhs 1AP
(lanes 2–10) and uninduced Rhs 1AP (lanes 11–19). Dilutions of
cDNA, obtained from quinate-induced and uninduced cDNA,
which gave uniform intensity of PCR product at different PCR
cycle numbers with b-tubulin-specific primers (b), were selected for
comparison; lane 1: DNA size standards (1 Kb Plus DNA ladder);
lanes 2 & 11: 25 cycles; lanes 3 & 12: 26 cycles; lanes 4 & 13: 27
cycles; lanes 5 & 14: 28 cycles; lanes 6 & 15: 29 cycles; lanes 7 & 16:
30 cycles; lanes 8 & 17: 31 cycles; lanes 9 & 18: 32 cycles; lanes 10 &
19: 33 cycles. Arrows (on the right or left of each panel) show the
positions, and numbers indicate the sizes (in bp) of the PCR
products for G3PDH (a, left), b-tubulin (a, right), b-tubulin (b), or
arom mRNA (c)
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pendently and therefore followed separate evolutionary
histories, which was an invalid assumption due to two
reasons. First, the order of five enzyme domains is the
same on all of the fungal AROM sequences known to
date, and second, in certain bacterial species, the shiki-
mate pathway genes are clustered and co-transcribed as
an operon (Parish and Stoker 2002; Ward et al. 2002).
So, it is reasonable to assume that the entire shikimate
pathway gene cluster was transferred to a eukaryotic
ancestor. We further argue that phylogenetic relation-
ships inferred by including full-length AROM protein
sequences have a greater resolving power and could
provide reliable genetic relationships among genera as
shown in our study. Although more sequence data will
be required to determine as to whether or not such a
transfer from prokaryotes to eukaryotes (fungi) oc-
curred more than once, our hypothesis is more parsi-
monious than the alternative of ‘‘multiple sequential
fusion events coupled with rearrangements in domain
order’’ resulting in a functional AROM protein as pro-
posed by Campbell et al. (2004).
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